Purpose PET/MRI has recently been introduced into clinical practice. We prospectively investigated the clinical impact of PET/ MRI compared with PET/CT, in a mixed population of cancer patients, and performed an economic evaluation of PET/MRI. Methods Cancer patients referred for routine staging or follow-up by PET/CT underwent consecutive PET/CT and PET/MRI, using single applications of [ 18 F]FDG, [ 68 Ga]Ga-DOTANOC, or [ 18 F]FDOPA, depending on tumor histology. PET/MRI and PET/CT were rated separately, and lesions were assessed per anatomic region; based on regions, per-examination and per-patient accuracies were determined. A simulated, multidisciplinary team meeting served as reference standard and determined whether differences between PET/CT and PET/MRI affected patient management. The McNemar tests were used to compare accuracies, and incremental cost-effectiveness ratios (ICERs) for PET/MRI were calculated. Results Two hundred sixty-three patients (330 same-day PET/CT and PET/MRI examinations) were included. PET/MRI was accurate in 319/330 examinations and PET/CT in 277/330 examinations; the respective accuracies of 97.3% and 83.9% differed significantly (P < 0.001). The additional findings on PET/MRI-mainly liver and brain metastases-had implications for patient management in 21/263 patients (8.0%). The per-examination cost was 596.97 EUR for PET/MRI and 405.95 EUR for PET/CT. ICERs for PET/MRI were 14.26 EUR per percent of diagnostic accuracy and 23.88 EUR per percent of correctly managed patients. Conclusions PET/MRI enables more appropriate management than PET/CT in a nonnegligible fraction of cancer patients. Since the per-examination cost is about 50% higher for PET/MRI than for PET/CT, a histology-based triage of patients to either PET/ MRI or PET/CT may be meaningful.
Introduction
PET/MRI (positron emission tomography/magnetic resonance imaging) is a relatively novel hybrid imaging technique that has recently been introduced into routine clinical practice.
Today, the vast majority of PET/MRI systems are installed in tertiary care centers, where this imaging technique is partly or mainly used for research [1] ; worldwide, the number of PET/ MRI systems is gradually increasing [1] . Compared with PET/ CT (computed tomography)-the standard hybrid imaging technique-PET/MRI offers reduced radiation exposure and higher morphological soft-tissue contrast.
For oncologic imaging, several comparative studies between PET/MRI and PET/CT have been performed within the last couple of years, the majority in smaller-sized patient populations. Depending on the type of cancer investigated, the clinical setting, and the choice of PET radiotracer, these studies have either reported that PET/CT and PET/MRI perform equally well This article is part of the Topical Collection on Oncology -General [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , or that PET/MRI has minor to moderate advantages [14] [15] [16] [17] [18] [19] [20] [21] . It is questionable whether the latter results justify the use of PET/MRI in a routine setting, because the costs for purchase, installation, and maintenance of a PET/MRI system exceed those of PET/CT, and because the scan duration is typically longer with PET/MRI, which leads to a lower patient throughput [1] . In addition, clinical implications-such as changes in treatment strategy-of using PET/MRI instead of PET/CT have been documented in only a few studies [7, [17] [18] [19] 22] .
The aim of this study was therefore to (1) prospectively investigate the clinical impact of PET/MRI, compared with PET/CT, in a mixed population of cancer patients, and to (2) perform an economic evaluation of PET/MRI through comparison with PET/CT, using clinically oriented costeffectiveness analyses.
Materials and methods

Patients and design
All patients with histology-proven cancers who were referred to our institution for routine pretherapeutic staging or posttherapeutic follow-up by PET/CT, and who were eligible for participation according to the criteria below, were invited to participate in our prospective study. Approval from the Ethics Committee of the Medical University of Vienna and written informed consent from all patients were obtained. Exclusion criteria were pregnancy; inability to understand the study outline or give consent; age < 18 years; contraindications to MRI according to safety guidelines; previous adverse reactions to ionized or gadolinium-based contrast media; and, for patients scheduled to receive [ 18 F]FDG (2-deoxy-2-[ 18 F]fluoro-D-glucose) for PET, a blood glucose level > 150 mg/dL. Enrolled patients first underwent PET/CT, and then, within 2 hours, PET/MRI, using a single radiotracer injection at the respective standard time point for that radiotracer (see below) for both examinations.
PET radiotracers and dosage
For patients with well-differentiated neuroendocrine tumors (NET G1-2), PET/CT was performed 45-60 min after intravenous administration of 160-180 MBq of [ 68 Ga]Ga-DOTANOC (conjugate of the somatostatin analogue 1-Nal3-octreotide and [ 68 Ga]-labeled 1,4,7,10-tetraazacyclododecane-N,N′,N″,N‴tetraacetic acid), synthesized as previously described [23] . For patients with medullary thyroid carcinoma (MTC), pheochromocytoma, or paraganglioma, PET/CT was performed 60 min after intravenous administration of 3 MBq/kg body weight of [ 18 F]FDOPA (6-[ 18 F]fluoro-3,4-dihydroxy-L-phenylalanine), commercially obtained from local vendors. For all other cancer patients, PET/CT was performed 60 min after intravenous administration of 3 MBq/kg of [ 18 F]FDG, produced in-house.
Imaging protocols
PET/CT was performed using a 64-row multidetector, hybrid PET/CT system (Biograph TruePoint TrueView 64; Siemens, Erlangen, Germany). The PET system offers an axial field-ofview of 216 mm, a sensitivity of 7.6 cps/kBq, and a transaxial resolution of 4-5 mm (measured according the NEMA NU2 protocol). PET imaging was performed at 4 min/bed position, and images were reconstructed using the point-spread function (PSF)-based reconstruction algorithm TrueX, with four iterations and 21 subsets, 5-mm slice thickness, and a 168 × 168 matrix size. Contrast-enhanced venous-phase CT was used for attenuation correction and was performed after the intravenous injection of 90-120 ml of a triiodinated, nonionic contrast medium at a rate of 4 ml/s, with a reference tube current of 230 mAs (with tube current modulation), a tube voltage of 120 kVp, a collimation of 64 × 0.6 mm, a 5-mm slice thickness with a 3-mm increment, and a 512 × 512 matrix. In addition, arterial phase CT of the upper abdomen (i.e., from the diaphragm to the lower pole of the kidneys) was acquired for all cancers except lymphoma, myeloma, and nonsmall cell lung cancer.
PET/MRI, covering the same anatomy as PET/CT, was performed directly after PET/CT, using a fully integrated PET/MR system (Biograph mMR; Siemens, Erlangen, Germany) operating at 3 T, with high-performance gradient systems (45 mT/m) and a slew rate of 200 T/m/s, and equipped with a phased-array body coil. The PET system offers an axial FOV of 256 mm, a sensitivity of 13.2 cps/kBq, and a transaxial resolution of 4.4 mm (measured according the NEMA NU2 protocol). PET imaging was performed at 100-150 min post original tracer administration, at 5 min/bed position, and images were reconstructed using the PSF-based algorithm HD-PET, with three iterations and 21 subsets, a 4.2-mm slice thickness, and a 172 × 172 matrix size. For all cancer patients, the following two pulse sequences were obtained for the entire anatomy: (1) an axial, two-point Dixon, three-dimensional, volume-interpolated, T1-weighted (T1w) breath-hold MR sequence (VIBE) for attenuation correction, with a repetition time (TR)/echo times (TE) of 3.6/TE1 = 1.23 ms, TE2 = 2.46 ms; one average, two echoes; a 10°flip angle; a 320 × 175 matrix with a 430 × 309 mm FOV; and a 3mm slice thickness with 0.6-mm gap; and (2) a coronal, T2weighted, HASTE (half-Fourier acquisition single-shot) turbo spin-echo sequence, with a TR/TE of 1400/121 ms; a 160°flip angle; a 256 × 256 matrix with a 380 × 380 mm FOV; and a 6mm slice thickness with a 1.2-mm gap. Depending on the cancer type, MR pulse sequences listed in Table 1 were added, based on the standard MR sequence protocols used for standalone MRI at our institution.
Image analysis
A senior board-certified radiologist and a senior boardcertified nuclear medicine physician rated PET/CT, and 2 weeks later, PET/MRI examinations, in consensus, sideby-side, blinded to the patients' reports from clinical practice, and the respective other technique (PET/CT or PET/MRI), in random order.
Separately for PET/MRI and PET/CT, raters had to decide which of the following 19 organs/tissues were positive for malignant lesions, based on pathological PET tracer accumulations and/or morphological CT/MRI features: brains; thyroid; left and right lung/pleura; left and right liver lobe; spleen; pancreas; esophagus/stomach; small bowel; large bowel/ rectum; uterus/cervix/ovaries; left and right kidney; left and right adrenal gland; osseous structures; soft tissues (skin/muscle/fat); and other organs. In addition, the following 12 lymph node stations were assessed: right and left cervical (including supraclavicular, occipital, and preauricular nodes); right and left infraclavicular/axillary; mediastinal; hilar; retroperitoneal/periaortic; mesenteric; right and left pelvic; and right and left inguinal. Lesion numbers within each of these 31 anatomic regions (19 organs/tissues and 12 lymph node stations) were recorded, with a maximum of ten.
Clinical impact/simulated multidisciplinary team meeting
Following their independent evaluation, PET/CT and PET/MRI findings were compared. A simulated multidisciplinary team (MDT) meeting, consisting of the two raters from radiology and nuclear medicine, two oncologists, a dermatologist specializing in skin cancer, two surgeons, and a radiation oncologist (all board-certified), reviewed all clinical, histological, laboratory, and imaging data. The MDT verified findings using a composite reference standard that relied on previous and follow-up CT, MRI, PET/CT, and PET/MRI (i.e., on lesion progression or regression under therapy, or new lesion formation), and, if clinically indicated, biopsies. Furthermore, the MDT made the following decisions on a per-examination basis: For patients who had undergone more than one same-day PET/CT and PET/MRI within the course of this study (i.e., patients who were examined with PET/CT and PET/MRI for pretherapeutic staging, and then again at one or more time points for restaging after therapy), changes in management or therapy, due to differences between the two imaging techniques in terms of involved regions or lesion numbers, were counted only once, unless they were due to new lesion formation in the time interval between the different time points.
Statistical and economic analysis
Region-based involvement on PET/MRI and PET/CT was used to calculate examination-based accuracies for the two imaging techniques. A test was considered accurate if the For the economic comparison between PET/MRI and PET/ CT, two measures of effectiveness were used: (1) the percentage of accurate diagnoses and (2) the percentage of changes in clinical management, relative to the other test. Perexamination costs (in EUR), and the respective difference in costs between PET/MRI and PET/CT, were based on total cost of ownership, which included investment cost for the system (as supplied by the manufacturer) and maintenance costs (based on the maintenance contract) and number of examinations per year (using our institution's standard of eight PET/ MRI examinations/day and 13 PET/CT examinations/day). Costs for the cyclotron, PET radiotracer production equipment, and personnel (e.g., physicians and technicians) were not considered, because these are identical for PET/MRI and PET/CT. Straight line depreciation over 10 years was used to calculate the yearly asset's loss of value for the two systems.
The following incremental cost-effectiveness ratios (ICERs) for PET/MRI were calculated: The specified level of significance was P ≤ 0.05 for all tests. All statistical tests were performed using SPSS 24.0 (IBM Corp., Armonk, NY, USA).
Results
Patient characteristics
Between March 2014 and October 2017, 263 patients (111 women and 152 men; mean age, 56.4 ± 16.1 years; age range, 18-87 years) were enrolled. Cancer types and their absolute and relative frequencies are listed in Table 2 . Same-day PET/CT and PET/MRI was performed once in 221 patients; twice in 27 patients; at three time points in ten patients; at four time points in five patients; and at five time points in one patient. Thus, a total of 330 same-day PET/CT and PET/MRI examinations (staging, 169; restaging, 161) were available for comparison.
Contrast media-enhanced MRI sequences were used in 187/ 263 patients (71.1%) and 244/330 same-day PET/MRI and PET/CT examinations (73.9%). Gd-EOB-DTPA was used in 49/263 patients (18.6%; 30 NETs, nine pancreatic adenocarcinomas, six colorectal cancers, three cholangiocellular cancers, and one hepatocellular cancer) and extracellular Gdbased agents in the remaining 138 patients (52.5%).
Accuracy and implications for management
PET/MRI and PET/CT showed perfect agreement (i.e., same number of involved anatomic regions, same number of lesions per involved region) with each other, as well as with the reference standard (MDT) in 270/330 examinations (81.8%). Of the remaining 60 examinations (18.2%) with differences between PET/CT and PET/MRI, PET/MRI was accurate in 51, PET/CT in seven, and neither scan in two examinations (see below), relative to the reference standard. The respective examination-based accuracies for PET/MRI (97.3%) and PET/CT (83.9%) differed significantly (P < 0.001).
In 53 examinations, there were additional findings on the MRI component of PET/MRI that were not seen on PET/CT. These additional findings had implications for clinical NHL non-Hodgkin lymphoma, MTC medullary thyroid carcinoma management or therapy in 23/330 examinations (7.0%)-in 16 due to involvement of additional anatomic regions (see Figs. 1 and 2) , in six due to additional lesions in at least a single region, and in one case because PET/CT findings were equivocal. However, none of the additional findings that were observed on nine PET/CT examinations, but not on PET/ MRI-all of which were lung metastases seen on the CT component-had implications for clinical management or therapy. Notably, in two examinations, neither PET/MRI nor PET/CT were accurate, because PET/CT showed more lung lesions than PET/MRI, whereas PET/MRI showed involvement of the liver that was not visualized by PET/CT; here, despite not being accurate overall, PET/MRI had implications for clinical management or therapy, compared with PET/CT. Based on these data, and considering that some patients had undergone same-day PET/CT and PET/MRI at more than one time point, PET/MRI led to changes in clinical management or therapy in 21/263 patients (8.0%) (see Table 3 ).
Cost-effectiveness of PET/MRI
The total cost of ownership for 10 years was calculated 11.94 million EUR for PET/MRI and 13.19 million EUR for PET/CT (see Table 3 ), with 20,000 (10 × 250 workdays/year × 8 examinations/day) PET/MRI and 32,500 (10 × 250 workdays/year × 13 examinations/day) PET/CT examinations. Based on these numbers, the per-examination cost was calculated as 596.97 EUR for PET/MRI and 405.95 EUR for PET/CT. Based on the higher accuracy of PET/MRI (+ 13.4% compared with PET/CT), and the higher percentage of changes in patient management or therapy due to PET/MRI (+ 8% compared with PET/CT), the ICER-1 of PET/MRI was 14.26 EUR per percent of diagnostic accuracy, and ICER-2 was 23.88 EUR per percent of correctly managed patients.
Discussion
The results of our prospective study suggest that PET/MRI provides additional clinical value in terms of changes to more appropriate management in 8% of cancer patients who undergo PET/CT in routine clinical practice. This percentage is lower than that in the largest study thus far: with regard to clinical impact, Catalano et al. reported a superiority of PET/ MRI over PET/CT for 16% of cancer patients in a retrospective analysis [17] . This discrepancy may be explained by the differences in relative frequencies of cancer types between our study and theirs (e.g., NSCLC, 17% vs. 7%; melanoma, 10% vs. 3%; breast cancer, 2% vs. 26% of the entire cohorts, respectively). Unlike Catalano et al., we also used PET Fig. 1 A 61 [24, 25] , and which accounted for 13% of our population, were not included by Catalano et al. [17] . While our results clearly do not justify a general replacement of PET/CT with PET/MRI, they do suggest that certain subgroups-such as advanced-stage NSCLC and melanoma (see Table 3 )-could benefit from undergoing PET/MRI instead of PET/CT.
In our study, the overall superiority of PET/MRI over PET/ CT in terms of diagnostic accuracy (+ 13%) was mainly due to the superior performance of PET/MRI for the detection of brain and liver metastases (see Table 3 , Figs. 1 and 2) , which has been documented in previous smaller-sized studies [2, 8, 10, 11] . Similarly, the superiority of PET/CT for the detection of lung lesions-another previously reported finding [2, [26] [27] [28] -was also confirmed in our study. While the additional brain and liver metastases detected exclusively by the MRI component of PET/MRI had implications for management in 19/21 patients (see Table 3 ), the additional lung lesions detected exclusively by the CT component of PET/CT, but not by PET/MRI, did not have implications for management in any patient.
Importantly, in NSCLC, it has been shown that treatment of early brain metastases, while still asymptomatic, is associated with better control of neurologic manifestations and longer survival [29] , and hence, the American College of Chest Physicians recommends cranial MRI (preferred over cranial CT) for routine imaging of clinical stage III-IV NSCLC patients [30] , a strategy comparable with that proposed by the European Society of Medical Oncology [31, 32] . Similar recommendations on the use of cranial MRI to detect brain metastases exist for melanoma in stages III-IV, such as the German S3 Guideline (https://www.leitlinienprogrammonkologie.de/ fileadmin/user_upload/Downloads/Leitlinien/Melanom/ Melanom_Version_3/LL_Melanom_Langversion_3.1.pdf). A closer look at the patients in whom PET/MRI led to a management change in our study reveals that, in 9/10 NSCLC patients (all stage III or IV), this change was due to detection of brain metastases on the MRI component. Contrary, in melanoma (five patients, all stage III or IV), reasons for management changes in our study were more balanced: brain metastases in 3/5 patients and liver metastases in 2/5 patients. In pancreatic adenocarcinoma and NETs (3 patients each), and colorectal cancer (one patient), management changes were exclusively due to liver metastases on the MRI component of PET/MRI. Notably, in the single patient with cervical cancer (referred as stage II) in whom PET/MRI lead to a management change, the higher soft-tissue contrast provided by morphological MRI enabled correct locoregional staging, ruling out bladder infiltration (a criterion for stage IV disease). Although more data are needed to confirm these findings, they nevertheless suggest that MRI protocols in the setting of PET/MRI may need to focus on different anatomic sites in different types of cancer, e.g., the brains in NSCLC and melanoma, the liver in melanoma, colorectal and pancreatic cancer, and NETs.
In the above scenarios, the use of PET/MRI instead of PET/ CT obviates the need to perform additional, single-region MRI. Such considerations must be considered when looking at our perexamination costs, which show that PET/MRI is almost 50% more expensive than PET/CT. A clinically indicated addition of MRI to PET/CT may, depending on the body region and MRI protocol, result in a similar, or even higher overall cost than for PET/MRI, with the possible disadvantage of a prolonged time interval until treatment initiation. Furthermore, in our study, PET/ MRI prevented inappropriate surgery in several cases (e.g., patient nos. 27, 106, 115, and 127 in Table 3 ), the cost for which exceeds the cost difference between PET/MRI and PET/CT. In one melanoma patient, treatment failure with ipilimumab was detected only by PET/MRI (patient no. 212 in Table 3 and Fig. 2) , which was then discontinued and replaced by pembrolizumab-here, the cost for an inappropriate, additional cycle of ipilimumab (10,000-15,000 EUR, depending on body weight) would have exceeded the cost difference between PET/ CT and PET/MRI by far. Our study is limited by its monocentric design, which also affected our sample size. However, with 263 patients (330 examinations), we prospectively evaluated about twice as many patients as the largest study on this topic so far (Catalano et al., with 134 retrospectively included patients and 134 examinations) [17] . We enrolled only patients scheduled to undergo PET/CT for routine purposes, and thus, our sample reflects standard clinical care, in terms of cancer types and radiotracers, without any relevant selection bias. However, this strategy prevented us from including patients with untreated prostate cancer, who, in our institution, undergo [ 68 Ga]Ga-PSMA-11-PET/MRI rather than PET/CT, and for whom participation in our study would have meant a purely study-related radiation exposure. Consequently, we cannot exclude the possibility that inclusion of prostate cancer patients would have influenced our study results-in view of the current literature, probably in favor of PET/MRI [21, 33, 34] . Furthermore, similar to the majority of studies on this topic [2, 8, 11, 17] , we used a composite reference standard that relied chiefly on follow-up imaging, and, in a smaller number of patients, on biopsies, for verification of additional lesions detected exclusively by either PET/MRI or PET/CT, because it would have been unethical to perform strictly study-related invasive procedures. Our study design prevented us from performing an economic evaluation of changes in patient management due to the use of PET/MRI, as this would require (1) randomization of patients to either PET/MRI or PET/CT, (2) homogeneous cohorts in terms of cancer type(s) and predefined treatment trajectories, and (3) long-term follow-up including assessment of both clinical outcome and quality of life. Cost estimates-and in particular, absolute numbers-reflect the situation at our tertiary care center, and to a certain extent, trends within the country where our institution is located, but may not necessarily be applicable to other countries. Finally, our cost-effectiveness analyses focused on a direct comparison of the two hybrid imaging techniques, PET/MRI and PET/CT, but not on combinations with singlemodality techniques, such as PET/CT combined with cranial MRI or PET/MRI combined with chest CT.
In conclusion, the results of our prospective study in a mixed oncologic patient population suggest that the choice of PET/MRI over PET/CT has implications for management in a non-negligible fraction of patients who routinely undergo PET/CT. In particular, patients with NSCLC and melanoma may benefit from PET/MRI, which detects brain and liver metastases that go undetected on PET/CT. Since the cost per PET/MRI examination is almost 50% higher than that of PET/ CT, a histology-based triage of patients to either PET/MRI or PET/CT could be meaningful.
Funding Information Open access funding provided by Austrian Science Fund (FWF). This study was funded by the Austrian Science Fund (project number KLI382) and the Jubilaeumsfonds of the Oesterreichische Nationalbank (project number 16888).
Compliance with ethical standards
Conflict of interest MEM has received speaker honoraria and research support from Siemens Healthineers and speaker honoraria from Bristol-Myers Squibb. HP has received research support from Boehringer Ingelheim and speaker honoraria from AstraZeneca, Boehringer Ingelheim, Bristol-Myers Squibb, MSD, Novartis, and Roche. AB has received honoraria for consultation from Bayer Healthcare and speaker honoraria from Bayer Healthcare and Siemens Healthineers. MH received speaker honoraria from AstraZeneca, Bristol-Myers Squibb, Boehringer Ingelheim, MSD, Novartis, Pfizer, and Roche. MR and BK have received speaker honoraria from Ipsen Pharma, Celgene, and Novartis. MW has received speaker honoraria from Novartis. MP has received honoraria for lectures, consultation, or advisory board participation from Bristol-Myers Squibb, Novartis, Gerson Lehrman Group, CMC Contrast, GlaxoSmithKline, Mundipharma, Roche, Astra Zeneca, AbbVie, Lilly, Medahead, Daiichi Sankyo, and Merck Sharp & Dome. BB is employed by Siemens Healthineers. WW is a part-time employee of CBmed Ltd., Graz, Austria, and has received research grants from Scintomics, ITG, Ipsen Pharma, and Eckert-Ziegler AG as well as speaker honoraria from GE Healthcare.
Ethical approval All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional research committee and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.
Informed consent Informed consent was obtained from all individual participants included in the study.
